Abstract: Free-space optical (FSO) communications has recently received significant attention and commercial interest for a variety of applications. In this paper, the outage probabilities for both the parallel and serial relay-aided FSO communications are analyzed. Initially, a new aggregated channel fading model is established, which considers atmospheric attenuation, M-distributed atmospheric turbulence, and nonzero boresight pointing errors. After that, the statistical characteristic of the aggregated channel is analyzed. Under the aggregated channel model, closed-form expressions of the outage probabilities for both the parallel and serial relay-aided FSO communications are derived, respectively. Numerical results show that the derived theoretical expressions are quite accurate and can provide sufficient precision for evaluating the outage performance, which is helpful to the design of future FSO communication systems.
Introduction
unique features, FSO communication has becoming a compelling technology candidate for traditional wireless communication.
System performance indicators are very important for all kinds of communication systems. For the FSO communications, [4] - [6] discussed the system performance for the point-to-point (P2P) links. In [4] , the pairwise error probability and the bit error rate (BER) for the coded FSO communications were investigated. In [5] , the average BER for the FSO communications over weak turbulence with pointing error was analyzed. In [6] , the expressions of the outage probability and the average channel capacity were derived over the lognormal and Gamma-Gamma turbulence channels, respectively. Note that the performance of the FSO communication systems is influenced by several effects, which will result in the system performance degradation [7] . For the P2P links, it is possible to compensate such degradation by increasing the transmit power. However, if the link distance is increased to distance longer than several kilometers, laser safety regulations and technical limitations no longer allow for increasing the transmit power to the required level. In this case, relay-aided transmission technique is a promising solution for improving the system performance.
As we know, the relay-aided FSO communication was first proposed in 1999 [8] . After that, lots of research has been done to analyze the performance of the relay-aided FSO communication systems. In [9] - [12] , the system performance of the dual-hop relay-aided FSO systems with one relay is analyzed. In [13] and [14] , the topology with only one relay was extended to that with two relays. Later studies considered two more generic relay-aided schemes, namely, serial relaying (i.e., multi-hop transmission) [15] - [17] and parallel relaying (i.e., cooperative diversity) [18] - [20] , and derived the system performance for each scheme. It should be noted that, in the above literature, the lognormal, K and Gamma-Gamma distributions are used for modeling the weak, moderate and strong turbulence, respectively. However, as shown in [21] , a more generalized turbulence model called M distribution unifies all previously proposed models in a single one, which is valid for all turbulence conditions. Moreover, the pointing errors in the above literature only consider the jitter of the building. As we know, the sway, vibration and thermal expansion of the building can result in pointing errors that consist of two components: boresight and jitter [22] . The boresight is the fixed displacement between beam center and center of the detector. Although typical terrestrial FSO systems are initially installed with near zero boresight error, the boresight is still considerable due to the thermal expansion of the building [22] .
Motivated by [21] and [22] , we focus on both the parallel and serial relay-aided FSO communication systems in this paper and try to analyze the outage performance under a new channel model. The main contributions of this paper are summarized as follows:
A new aggregated channel model for FSO communications is established. In this paper, we establish a new aggregated channel model, which includes atmospheric attenuation, M-distributed atmospheric turbulence and nonzero boresight pointing error. The established channel model is a generalized one for describing the characteristics of the FSO channel. In other words, the existing channel models are all special cases of the channel model proposed in this paper. Closed-form expressions of the outage probability for both the parallel and serial relayaided FSO communications are derived, respectively. Firstly, we analyze the statistical characteristic of the aggregated channel and obtain the probability density function (PDF) of the channel gain. Based on the PDF of the channel gain, the outage probabilities for both the parallel and serial relay-aided FSO communications are analyzed, which are both presented in closed-forms. Finally, numerical results verify the accuracy of the derived two theoretical expressions of the outage probability. The remainder of this paper is organized as follows. Section 2 introduces the system and channel fading models. Section 3 presents the statistic of the aggregated channel and derives the PDF of the channel gain. Section 4 obtains closed-form expressions of the outage probability for both the parallel and serial relay-aided FSO communications. Numerical results are presented in Section 5 before conclusions are drawn in Section 6.
System and Channel Fading Models

System Model
As illustrated in Fig. 1 , we consider both the parallel and serial relay-aided FSO communication systems in this paper. For the parallel relay-aided system as shown in Fig. 1(a) , the source node (SN) transmits the same information to the destination node (DN) indirectly with the help of N parallel relay nodes (RNs). Since broadcasting is not possible due to the nature of FSO communication, the SN is equipped with an N-laser transmitter. Correspondingly, the DN is equipped with an N-aperture receiver. For the serial relay-aided system as shown in Fig. 1(b) , the transmitted signal from the SN propagates through N 0 serial RNs before detection at the DN.
To facilitate the description, we first focus on a P2P link in the following analysis. Without loss of generality, let h be the channel fading of the P2P link. The received electrical signal can be written as
where x is the transmitted optical signal, R is the optoelectronic conversion factor, and n is signal-independent additive white Gaussian noise with zero mean and variance 2 n . Here, the intensity modulation and direct detection is employed. Without loss of generality, the on-off keying (OOK) is used as the modulation scheme. The transmitted signal is taken as symbols drawn equal-probably from an OOK constellation such that x 2 f0; 2P t g, where P t is the average transmitted optical power. Obviously, the output signal-to-noise ratio (SNR) can be expressed as Letting
n , (2) can be rewritten as
Channel Fading Model
In this paper, we consider an aggregated channel model, which includes atmospheric attenuation h l , pointing error h p and atmospheric turbulence h a . Mathematically, the channel fading h in (1) can be written as [23] h
In (4), h l denotes the atmospheric attenuation, which can be described by the exponential Beers-Lambert Law as [24] h l ðzÞ ¼ expðÀzÞ (5) where z denotes the propagation distance and is the attenuation coefficient [24] .
In (4), h p denotes the nonzero boresight pointing error. In this paper, both the boresight and jitter are considered. The PDF of h p can be expressed as [22] 
where A 0 is the fraction of the collected power when the detector center satisfies r ¼ 0, w zeq is the equivalent beamwidth. Moreover, A 0 ¼ ½erfðv Þ 2 and w
w z Þ is the ratio between aperture radius a and beamwidth w z , erfðÁÞ is the error function. I 0 ðÁÞ is the modified Bessel function of the first kind with order zero.
¼ w zeq =ð2 s Þ is the ratio between the equivalent beamwidth and jitter standard deviation at the receiver. Note that if we consider zero boresight error with s ¼ 0, the pointing error model is specialized to the one in [24] .
In (4), h a denotes the atmospheric turbulence, which follows an M distribution [21] , [25] . As shown in [21] , [25] , the M distribution is based on the distinction between the classic scattering field ðU G S Þ, independent of the line-of-sight (LOS) contribution ðU L Þ and a scattering component ðU C S Þ coupled to the LOS field term in the modeling of small-scale optical fluctuations. The PDF of h a can be written as
where
Moreover, is a positive parameter related to the effective number of large-scale cells of the scattering process, is a nature number that represents the amount of fading parameter [21] . g ¼ denotes the average optical power of the classic scattering component received by offaxis eddies, where 2 ½0; 1 is a scale factor, and is the average power of the total scatter components. 0 is the average optical power of the coherent contributions, i.e., the LOS component and the coupled-to-LOS scattering term [25] . K v ðÁÞ is the modified Bessel function of the second kind with order v . ÀðÁÞ denotes the Gamma function. Note that the M distribution covers several commonly used turbulence models as special or limiting cases, which is shown in Table 1 [25] .
Statistics of the Aggregated Channels
According to (4) , the PDF of the channel gain can be written as [5] f h ðhÞ ¼
where f h a h a ð Þ is the PDF of h a , and f hjh a hjh a ð Þ is the conditional PDF, which can be expressed as [5] , [22] 
By substituting (7) and (10) into (9), the PDF of h is given by
can be written as
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where v = 2 Z and jx j G 1. Therefore, and in (12) should satisfy À = 2 Z. According to (13) , W ðhÞ can be written as
Substituting (14) into (12), we have 
Note that the integral identity (16) requires that the summation index p in (15) must lower than or equal to P ¼ b 2 À c, where bx c denotes the largest integer not greater than x . Such truncation methods are also used in [22] and [28] . In addition, it has been shown in [29] and [30] that the terrestrial FSO communication systems generally operate under the condition 2 9 . Therefore, we only focus on the case 2 9 in this paper. Moreover, let t ¼ x 2 , (15) can be further written as
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Outage Probability Analysis
In this section, the outage probability for the P2P link is discussed firstly. After that, the outage probabilities for the parallel and serial relay-aided FSO communication systems are analyzed, respectively.
Outage Probability for the P2P Link
The outage probability is defined as the probability that the output SNR falls below a specified threshold. Therefore, the outage probability for the P2P link can be expressed as
where th is the SNR threshold. In other words, th is the minimum value of the SNR above which the quality of service is satisfactory.
Using (3) 
Substituting (18) into (20), (20) can be further written as
When employing parallel relay transmission scheme, the outage performance of each path depends on the outage probability of each hop in the corresponding path. Hence, the outage probability of ith path is given by
Therefore, the final outage probability can be derived as
Outage Probability for the Serial Relay-Aided System
For the serial relay-aided FSO communication system as shown in Fig. 1(b) , let p out n ð th Þ be the outage probability of the nth ðn 2 f1; 2; . . . ; N 0 gÞ hop. According to (21) , p out n ð th Þ can be reformulated as
n denote the transmission distance and the atmospheric attenuation of the nth hop.
When employing serial relay transmission scheme, the final outage performance depends on the outage performance of each hop. Therefore, the final outage probability can be derived as
where n is the received SNR in the nth hop.
Numerical Results
In this section, the derived theoretical expressions of the outage probability for both the parallel and serial relay-aided FSO communications will be verified by using the Monte-Carlo simulation method. Details of the system parameters we adopted in all simulations are presented in Table 2 [5], [24] , [25] . In the following, the numerical results for both the parallel and serial relay-aided FSO communications will be shown, respectively.
Parallel Relay Case
For the parallel relay-aided FSO communications, Figs. 2-5 show the outage probability versus the average transmit power under different scenarios. It can be seen from all figures that the outage probability decreases with the increase of the average transmit power. Specifically, Fig. 2 plots the outage probability versus the average transmit power for parallel relayaided systems with different numbers of parallel RNs (i.e., N) when z ¼ 4 km (i.e., total link distance between the SN and the DN), a ¼ 0:1 m; and s ¼ 0:3 m. For comparison, the direct transmission scheme without using the RN is also presented in Fig. 2 . As can be seen, the direct transmission scheme achieves the worst outage performance. Moreover, for a fixed average transmit power, the outage probability will be lower if more RNs are employed. It is because parallel relay transmission can improve the reliability of the FSO communication system. Fig. 3 shows the outage probability versus the average transmit power for parallel relay-aided systems with different total link distances (i.e., z) when a ¼ 0:1 m, s ¼ 0:3 m, and N ¼ 2. It can be seen that the outage probability of the system worsens with the increase of the total link distance. This is due to the fact that long distance will result in a low output SNR at the DN, and the low SNR will cause the system performance degradation. Fig. 4 depicts the outage probability as a function of the average transmit power for parallel relay-aided systems with different values of receiver radius (i.e., a) when z ¼ 4 km, s ¼ 0:3 m, and N ¼ 2. As the increase of the receiver radius, more energy will be collected at the receiver aperture, which will improve the output SNR. Therefore, as can be seen in Fig. 4 , the values of the outage probability will be reduced when the receiver radius becomes larger. Fig. 5 shows the outage probability versus the average transmit power for parallel relay-aided systems with different values of the boresight displacement (i.e., s) when z ¼ 4 km, a ¼ 0:1 m; and N ¼ 2. For comparison, the results derived in [24] are also presented, which corresponds to s ¼ 0. From Fig. 5 , it can be clearly seen that the boresight displacement has an impact on the outage probability of the FSO system. It can be concluded from the figure that, with the increase of the boresight errors, the energy collected at receiver aperture decreases, and thus, the outage probability increases correspondingly. 
Serial Relay Case
For the serial relay-aided FSO communications, Figs. 6-9 show the outage probability versus the average transmit power under different scenarios. Obviously, the outage probability decreases with the increase of the average transmit power. Specifically, Fig. 6 shows the outage probability versus the average transmit power for serial relay-aided systems with different numbers of serial RNs (i.e., N 0 ) when z ¼ 4 km, a ¼ 0:1 m; and s ¼ 0:3 m. For comparison, the direct transmission scheme without using the RN is also presented. Once again, it can be observed that the direct transmission scheme achieves the largest outage probability. Moreover, with the increase of the number of serial RNs, the outage probability decreases, which is similar to the results in Fig. 2 . Therefore, serial relay transmission can also improve the performance of the FSO communication system. Furthermore, the gaps between every two neighboring N 0 become narrow with the increase of N 0 . The improvement of outage performance becomes very slight when N 0 increases to a certain extent. Therefore, two many serial RNs in the system are not necessary. Fig. 7 shows the outage probability versus the average transmit power for serial relay-aided systems with different total link distances (i.e., z) when a ¼ 0:1 m, s ¼ 0:3 m; and N 0 ¼ 2. It can be observed that the outage performance becomes worse for the larger total link distance. That is because a large total link distance will result in a large distance for each hop, and thus it will result in the outage performance degradation. Note that the conclusion obtained in Fig. 7 is consistent with that in Fig. 3 . Fig. 8 depicts the outage probability versus the average transmit power for serial relay-aided systems with different values of receiver radius (i.e., a) when z ¼ 4 km, s ¼ 0:3 m; and N 0 ¼ 2. It can be seen that the outage performance will be better if a large receiver radius is employed. That is because the received energy is increased when a large receiver radius is used. This conclusion is consistent with that in Fig. 4 . [24] are also presented, which corresponds to s ¼ 0. As shown in Fig. 9 , the outage performance worsens when the boresight displacement becomes larger, which is consistent with that in Fig. 5 .
Finally, it should be emphasized that, no matter for the parallel relay case or the serial relay case, the simulation results in Figs. 2-9 show close agreement with the theoretical results, which verify the accuracy of the derived expressions the outage probability.
Conclusion and Future Work
In this paper, we investigate the outage probability performance for both parallel and serial relay-aided FSO communications. A new channel model is established by considering the effects of atmospheric attenuation, M-distributed atmospheric turbulence and nonzero boresight pointing errors. Under such an aggregated channel model, closed-form expressions of the outage probability for both the parallel and serial relay-aided FSO communications were derived. Numerical results show that the derived theoretical expressions of the outage probability are accurate enough and can provide good approximations to the simulations results.
For future work, other performance indicators (such as ergodic capacity, outage capacity, BER, et al.) under the newly proposed channel should also be studied. 
